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Abstract—In this paper, a new method that called the “Stepped
Cut at Four Corners” is introduced to design a multi-mode/broadband
modified rectangular microstrip patch antennas (MRMPAs). In order
to become acquainted with the new method, the design process of
a monopole broadband MRMPA suitable for multifunctional wireless
communication bands is explained. The methodology of the proposed
broadband MRMPA design is presented in six stages. The first stage is
designing a single-mode RMPA. Subsequently, by creating a step at the
corners using the proposed method a dual-mode antenna is obtained
at the second stage, while the triple-mode and multi-mode antennas
are designed, at the third and fourth stages respectively. Two types
of broadband antennas are obtained, the stepped line and straight
line antennas. By increasing the number of steps, the antenna’s
operating bandwidth (BW), with return loss less than −10 dB, covers
the frequency range from 900MHz to 2.6GHZ, which is suitable for
GSM (900MHz and 1.5GHz), WiFi (2.4GHz) and LTE (2.6GHz)
applications. In addition, the antenna prototype has been fabricated
and measured in the all stages, in order to validate the simulation
results, and there is a close agreement between the simulated and
measured results.
1. INTRODUCTION
Antennas are very significant in the area of wireless communications,
and the microstrip patch antenna (MPA) is one of the most popular
and widely used in this field. Indeed, the MPAs have attracted
so much research interest, due to their light weight, compatibility,
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low-profile, ease of fabrication, and low cost. Other merits include
ease of integration with other kinds of microwave integrated circuits
(MICs) on the same substrate and capability of being deployed for
both linear and circular polarizations. However, MPAs have such
disadvantages as low power handling capability, low gain, and narrow
BW. MPAs comprise narrow BW that is approximately 1–5%, which
is the most major limiting factor for its widespread applications.
Most of the previous contributions in this research area were to
increase the BW of MPAs [1, 2], and therefore, several measures have
been introduced to achieve this objective, including modified shape
patches, which is a method of modifying the shape of patch [3–
8], utilization of slotted ground structure [9–13], modification of
rectangular and circular patches to rectangular [14] and circular
rings [15, 16]. Another method includes an impedance matching
network method proposed to enhance the MPAs BW [17–19]. Several
parasitic patches, such as shorted quarter-wavelength, rectangular
patches and narrow strips, are used as gap-couple to the central-fed
rectangular patch in planar multiresonator structure [20–26]. With
different layers of the dielectric substrate, two or more patches are
stacked on one another in the multilayer configuration, which is
categorized as electromagnetically aperture-coupled or coupled MPAs
as regards to the coupling mechanism [27–30]. The stacked and planar
multiresonator techniques are combined with the proposed method to
increase the BW and the gain of the stacked multiresonator MPAs. A
circular patch on the bottom layer or probe-fed single rectangular patch
has been used to excite circular patches on the top layer or multiple
rectangular, respectively [31–33]. Another method to enhance the BW
is LC method, which distributes LC circuit on the backside of the
conventional patch antenna [34].
In this paper, the “Stepped Cut at Four Corners” method
for designing a monopole multi-mode/broadband MRMPA has been
proposed based on modifying the patch shape. In order to become
acquainted with the new method, we will describe the design
procedure, simulation, and fabrication of a broadband MRMPA with
operating frequency from 900MHZ to 2.6GHz. The proposed MRMPA
covers GSM (900MHz and 1.5GHz), Wi-Fi (2.4GHz) and LTE
(2.6GHz) applications.
2. RMPAs MODEL
Figure 1 shows the RMPA configuration, including a dielectric
substrate located between a radiating patch and a ground plane.
Generally, the patch is prepared of conducting material such as gold
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Figure 1. Structure of RMPA.
or copper in any shape. On the dielectric substrate, the feed lines and
radiating patch are usually photo-etched [35, 36].
The microstrip patch antenna analysis is represented by some
models such as the transmission line model, cavity model, full wave
model and characteristic mode. The cavity model is more accurate
and gives a good physical insight thus very complex compared to the
transmission line model that is the simplest of all models and less
accurate. The characteristic mode is typically performed on electrically
small to intermediate size antennas for simplicity [37, 38]. However, the
full wave model is the most accurate and complex of the models and
can analyze single elements, arbitrary shaped elements and infinite
antenna arrays.
The transmission line model is used in this work because of its
simplicity to implement and its output good performance in antenna
designs in terms of efficiency and return loss and also it is well suited
for RMPAs design. By choosing operating frequency fr and a substrate
with the required permittivity εr, and also defining the substrate
thickness h, the design starts. Based on the transmission line model,
the length L and width W of the patch are calculated as:
W =
v0
2fr
√
2
εr + 1
(1)
L =
v0
2fr
√
εreff
− 2∆L (2)
where, v0 is the speed of light in free space, εreff the effective
permittivity, and 2∆L the extension in length due to fringing effects:
εreff =
εr + 1
2
+
εr − 1
2
[
1 + 12
h
W
]−1/2
(3)
∆L = 0.412h
(εreff + 0.3) (W/h+ 0.264)
(εreff − 0.258) (W/h+ 0.8) (4)
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Although the patch design is simple, feeding design mechanism is not
direct. There are four main methods used to design the feed, which are
probe feed, microstrip-line feed, Proximity-coupled feed and aperture-
coupled feed. However, we used a microstrip-line feed because of the
simplicity of the model, fabrication and match [35, 36].
3. CONCEPT OF STEPPED CUT AT FOUR CORNERS
METHOD
The proposed method, called the “Stepped Cut at Four Corners
(SCFC)” is used to design of Multimode/Broadband MRMPAs. As the
name implies, four corners of the rectangular patch are cut to create
the desired BW by the stepped approach which will be explained in
the following text. Firstly, in the proposed method, the lower cutoff
frequency (FL) and upper cutoff frequency (FH) must be determined
in order to specify the BW range. Next, the values of the patch’s
length and width will be determined for the excited frequencies of FH
and FL, using Transmission Line equations, given in Equations (1)–(4).
According to obtained patch’s dimensions, the patch of FL is bigger
than that of FH. Therefore, the coordinate positions of FH patch are
inserted within coordinate positions of that of the FL. Considering
the nested structure of the patches, it can be seen that they are all
concentric, for example, the point (0, 0); and they are placed on the
x-y plane of the coordinate system. As mentioned earlier, the patch
obtained from FL is the largest in terms of dimensions; therefore it is
considered as the main patch.
As can be seen in Figure 2, the rectangles with red and green
colour lines are the patches designed for the FL and FH respectively.
WL and LL denote the FL patch length and width, respectively. Also
the corresponding FH patch width and length are WH and LH . Each
design covers only one operating frequency, thus if a broadband design
is expected from FL to FH frequency range, all of the frequencies
within the BWmust be covered. Therefore, the length and width of the
patches must be from LL to LH andWL toWH , respectively. As shown
in Figure 2, the patch obtained from FH is shown in white colour;
however the patch colour becomes darker as it moves toward FL. In
Figure 2, by drawing the lines from internal patch corners (designed
for FH patch and displayed in green colour) toward external patch
lines (designed for FL patch and displayed in red colour), step cutting
position is specified in each corner, which are shown in blue colour.
The width and length of the patches within the given BW, denoted by
F1 to Fn-1 are drawn from W1 to Wn−1 and L1 to Ln−1, respectively.
In order to connect F1-Fn-1 patches to FL patch for creating the steps
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Figure 2. Configuration position of the patches in the SCFC method.
at the corners, a process similar to the one mentioned above is followed.
By referring to Figure 2, it is shown that a grid plane with 1/n spacing
is created at the corners, where n is the number of the patches designed
inside the main patch. Figure 3 shows geometric details of the corners
in this method. In order to calculate the dimensions of the first step at
the corners, the length and width relate to L1 and spacing between the
coordinate position of WFL and WF1. Second step width is considered
from the distance between the coordinate position of WF1 and WF2,
and length is related to the distance between the coordinate position of
LFL and LFn−1 and other steps created in the same process. The step
path created using this method is shown in white colour. By creating
each step, in fact an excited resonant frequency is created over the
BW therefore by increasing the number of steps; the excited resonant
frequencies are increased as long as the BW is covered.
Whereas the patch height (t) is extremely thin compared to its
width and length, z-axis are ignored in coordinating system and all
calculations are done on the x-y plane. To obtain the dimensions and
coordinate position of the patches length and width over the BW,
following equations are used in accordance with Figure 3.
W1 =
WL −WH
2
=
n=n∑
n=1
WRn (5)
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Figure 3. Geometric details of steps at the corners.
L1 =
LL − LH
2
=
n=n∑
n=1
LRn (6)
When the steps dimension are same:
WR = WR1=WR2= . . .=WRn and LR=LR1=LR2= . . .=LRn
WR =
W1
n
(7)
LR =
L1
n
(8)
R1 = n×
√
L2R +W
2
R (9)
where, n is the number of steps, R1 the stepped path, and WR and LR
are the width and length of step, respectively. Otherwise:
{WRn(n)} =
{
W1 n = 1
WFn−1 −WFn 2 ≤ n <∞
}
(10)
where, WFH = WFn, WFL = WF0, WF1 to WFn−1 are patches width
position on the y-axis and WR1–WRn are step width.
{LRn(n)} =
{
L1 n = 1
LFn−1 − LFn 2 ≤ n <∞
}
(11)
where LFH = LFn and LFL = LF0.
RRn=
√
L2Rn +W
2
Rn (12)
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R1=
n=n∑
n=1
RRn =
√
L2R1 +W
2
R1+
√
L2R2 +W
2
R2 . . .+
√
L2Rn+W
2
Rn
=
n=n∑
n=1
√
L2Rn +W
2
Rn (13)
where, LF1 to LFn−1 are patches length position on the x-axis, and
LR1 − LRn are steps length.
When n is larger, the number of steps created at the corners is
more, and R1 becomes almost linear and acts somehow as hypotenuse
of a right triangle with sides of W1 and L1. The values of R1 can be
obtained by the following equation:
R1 =
√
L21 +W
2
1 (14)
As explained in this section, multi-mode/broadband MRMPAs can be
designed very quickly using simple equations.
4. DESIGN PROCESS OF PROPOSED BROADBAND
MRMPA USING SCFC METHOD
In order to become familiar with SCFC method, the design process of
monopole broadband MRMPA with frequency range from 900MHz
to 2.6GHz is explained. This design can be used for GSM
(900MHz/1.5GHz), WiFi (2.4GHz) and LTE (2.6GHz) applications.
All designs and simulations of the RMPAs with the proposed method
are done using CST Microwave Studio software. FR-4 dielectric
substrate with relative permittivity εr = 4.3, thickness h = 1.6mm,
Length Ls =90mm and width WS = 130mm is used. Radiating patch
and ground plane are on the top and bottom of the dielectric substrate,
respectively and made of copper material with thickness t = 0.035mm
and conductivity σ = 5.96e7 s/m. The ground plane length and width
are LG = 18mm and WG = 90mm, respectively and remain constant
in all stages of the design process. To achieve 50Ω output impedance
matching with the SMA connector, a transmission line fed with width
WF = 3mm and length LF = 20mm was used. The following explains
the design process of the proposed broadband MRMPA.
4.1. Stage I: Single-mode RMPA
As explained in Section 3, dimensions of patches at the lowest
frequency (FL = 900MHz), the highest frequency (FH = 2.6GHz)
as well as desired frequencies between FL and FH must be obtained
from Equations (1)–(4). Table 1 gives the dimensions for patches in
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the frequency range 0.9–2.6GHz with Step 100MHz. In this stage, a
single-mode RMPA for an excited resonant frequency at FL = 900MHz
is proposed. Figure 4 shows the prototype photographs and geometric
details of the single-mode RMPA. By referring to Table 1, it is clear
that width WL = 102mm and length LL = 80mm obtained for this
patch have the largest dimensions, thus this patch is considered as the
main patch.
Table 1. Dimensions of patches in frequencies range 0.9–2.6GHz with
step100MHz.
Freq. (GHz) 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7
W (mm) 102 92 84 76 71 66 61 56 54
L (mm) 80 72 65 60 55 51 47 44 42
Freq. (GHz) 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6
W (mm) 51 48.5 46 44 42 40 38 36 35
L (mm) 40 38 36 34 32.5 31 29.5 28 27
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Figure 4. Photographs of fabricated prototype and Geometric details
of single-mode RMPA. (a) Front view. (b) Back view. (c) Top & side
view.
4.2. Stage II: Dual-mode MRMPA
According to Table 1, it can be seen that the values of width and
length for the patch at FH = 2.6GHz are the smallest. By referring to
SCFC method, LH = 27mm and WH = 35mm in term of coordinate
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positions are within and concentric with the main patch in x-y plane
of the coordinate system. At this stage using Equations (10) and (11),
step length and width at each corner are found to specify the BW.
Pictures of fabricated antenna and configuration for arrangement of
patches as well as specifications of the step created at the corners
(shown with hachure) are indicated in Figure 5. By removing the
hachured sections from main patch, in fact two excited resonant
frequencies at FL = 900MHz and FH = 2.6GHz are obtained, and
the designed antenna acts as dual-mode, as expected.
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Figure 5. Pictures of fabricated prototype and configuration details
of dual-mode MRMPA. (a) Front view. (b) Back view. (c) Top & side
view.
4.3. Stage III: Triple-mode MRMPA
To design the triple-mode MRMPA according to the CSFC method,
two steps must be created in each corner of the main patch. By creating
a patch within frequency range patches from FL to FH , in fact helps
to create the third excited resonant frequency. The width and length
coordinate position of new patch is obtained using Equations (1)–(4)
that within WL to WF and LL to LF , respectively. The middle patch,
same as FL patch, is concentric with the main patch in x-y plane of
the coordinate system and related to frequency of 1.5GHz according
to Table 1. Figure 6 illustrates the photos of fabricated prototype of
proposed antenna and structural configuration for the arrangement of
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Figure 6. Photos of manufactured prototype and structural details of
Triple-mode MRMPA. (a) Front view. (b) Back view. (c) Top & side
view.
the patches as well as specifications of the steps created at the corners
of the main patch. As shown in Figure 6, if the hachured section is
removed from the main patch, three excited resonant frequencies will
be resulted at FL =900MHz, F1 = 1.5GHz and FH = 2.6GHz.
4.4. Stage IV: Multi-mode MRMPA
In order to show details of the design towards achieving multimode
antenna, the number of steps at main patch corners are increased using
CSFC method. Three patches are created in frequency ranges from FL
to FH with appropriate distances and concentric with the main patch
in x-y plane of the coordinate system. By increasing the steps, the
number of excited resonant frequencies in the specified part of the BW
are enhanced; therefore a multimode antenna is obtained. Figure 7
shows a detailed geometric structure and pictures of front and back
view of fabricated prototype obtained at this stage. In the figure, some
parts of the patch corners are specified by hachure which is removed
from the main patch to achieve the multi-mode MRMPA. Considering
the results obtained from stage two to four, it is shown that broadband
MRMPA is gradually realized in the expected frequency range.
4.5. Stage V: Broadband MRMPA with Stepped Line
In the previous stage, it was observed that using CSFC method, the
designed MRMPA was transformed into multi-mode from single mode.
As explained in Section 3, n − 1 patches can be created between
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Figure 7. Photographs of manufactured prototype and geometric
details of multimodeMRMPA. (a) Front view. (b) Back view. (c) Top
& side view.
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Figure 8. Photographs of fabricated prototype and geometric details
of broadband MRMPA using stepped line. (a) Front view. (b) Back
view. (c) Top & side view.
frequencies ranging from FL to FH, which create n steps at each corner
of main patch. For designing the expected broadband MRMPA with
full coverage of the BW, the number of steps at the corners using the
SCFC method has increased. As shown in Figure 8, ten steps are
created at the corners of the main patch for ensuring full coverage of
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the BW by the antenna. It is observed from the obtained results that
specifications of the antenna, such as return loss, gains, are improved
by increasing the number of steps at the corners. Figure 8 also shows
photographs of manufactured prototype and geometric details related
to created stepped path and removed parts of the main patch.
4.6. Stage VI: Broadband MRMPA with Straight Line
By increasing the number of steps at the corners, in fact the
number of the exited resonance frequencies over the impedance BW
is investigated. There are infinite frequencies between FL to FH .
If the number of steps at the corners increases infinitely, the steps
become smaller and reach a point that the step path (R1) acts as a line
with infinite points. By calculating W1 and L1 using Equations (10)
and (11), R1 acts as hypotenuse in a right triangle with W1, L1
sides, which can be calculated using Equation (14). Figure 9 shows
the geometric details and photos of fabricated proposed broadband
MRMPA.
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Figure 9. Photos of fabricated prototype and geometric details of
Broadband MRMPA proposed using straight line. (a) Front view.
(b) Back view. (c) Top & side view.
5. SIMULATION AND MEASUREMENT RESULTS
In order to validate the simulated results obtained from CST
Microwave Studio software, the prototype has been fabricated and
measured by Rohde and Schwarz ZVL Network analyzer at all stages of
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the proposed RMPAs. Simulated vector surface current distributions in
radiating patch and simulated and measured return losses are depicted
in Table 2.
Comparison between the simulation and measurement return
losses (RL) results is illustrated in Table 2, as it can be seen
approximately that there is a good agreement between the results
at all stages. The first stage related to the proposed single-mode
RMPA for operating frequency at 900MHz, whose approximate return
loss −12-dB was obtained from both simulation and measurement.
The second stage demonstrates a dual-mode MRMPA using CSFC
method for two exited resonance frequencies at FL = 900MHz and
FH = 2.6GHz. Consequently, return losses −27 dB and −17 dB
for operating frequencies at FL and FH were obtained, respectively.
Stage III proposes a triple-mode MRMPA. As expected, three exited
resonance frequencies at 900MHz, 1.5GHz and 2.6GHz were obtained.
For these frequencies, it can be seen from Table 2 that return loss
values are −28 dB, −27 dB and −16 dB for simulation and −16 dB,
−25 dB and −13 dB for measurement, respectively. In stage IV, by
increasing the number of steps at the corners using SCFC method,
a multi-mode MRMPA was obtained. By referring to results, there
are desired results based on the return loss less than −10 dB across
frequency bands from 900MHz to 1.65GHz and 2.25GHz to 2.6GHz.
In stage V to cover entire BW by proposing MRMPA, the number
of steps is enhanced and stepped line is created at the corners.
Considering the results obtained at stage V, it can be observed that
the designed MRMPA has a broadband performance from 900MHz to
2.6GHz based on RL < −10 dB that provides the approximately stable
omnidirectional/bidirectional radiation pattern over the BW; therefore
the whole expected BW using SCFC method was covered. In the last
stage, assuming an infinite number of steps at the corners, the stepped
line became a straight line. In this stage, the proposed MRMPA
produced approximately similar results as obtained in stage V but the
difference is the stepped line model gives results that are adjustable in
the range of the BW by changing the dimensions of the steps whereas
in the straight line model all results remains fixed.
Figures 10 and 11, illustrate simulated and measured return losses
of RMPAs at all stages, respectively. According to the figures, the
evolution process from single-mode to broadband MRMPA can be
seen. The desire frequency band is specified by highlight. Therefore,
it is clear that the diagrams of broadband MRMPAs have covered the
entire BW.
Stable omnidirection at the lower frequencies and approximate
bidirection at the upper frequencies have been achieved for the far
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Table 2. Simulated and measured return loss and vector surface
current distributions of RMPAs.
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Figure 11. Measured return loss
of the RMPAs.
field radiation pattern of proposed monopole broadband MRMPA
over the BW. The maximum radiated field directs in the direction
of +z and −z, for the desired direction. Figure 12 shows the
simulated normalized E and H-plane radiation patterns of proposed
broadband MRMPA for resonant frequencies at 900MHz, 1.5GHz,
2.4GHz and 2.6GHz. Figure 12(a) shows, a linear polarization with
the broadside and bidirectional E-plane radiation pattern and almost
omnidirectional H-plane radiation pattern at 900MHz operating
frequency. Figure 12(b), (c) and (d), show both E and H-plane
radiation pattern of operating frequencies at 1.5GHz, 2.4GHz and
2.6GHz, that polarization at these frequencies from linear to circular
and radiation patterns approximately bidirectional, respectively. It
is found that the radiation pattern in E-plane tilts from z axis, and
the main lobes spread to four directions with 45 degree from the z
axis. As mentioned in Section 3, the lowest and highest frequencies
over the BW belong to the biggest and smallest dimension of the
patch, respectively. Therefore, by decreasing the dimension of the
patch and the corners, the radiation pattern has changed at the upper
frequencies. It is observed from Figure 13 that axial ratios of the
proposed broadband MRMPA at upper frequencies of desire BW are
below 3 dB, thus polarization is circular.
The vector surface current distributions in the radiation patch at
the operating frequency (stage I: 900MHz, stages II–VI: 2.6GHz) are
shown in Table 2. It can be seen that at all stages except stage I there
is the most surface current distribution on the stepped line path. This
means that the maximum surface current density at the corners is due
to the operating frequencies via the steps size.
Furthermore to the radiation characteristics, the realized gains of
the proposed RMPAs are shown in Figure 14. In accordance with the
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Figure 12. Simulated radiation patterns of the broadband MRMPA.
(a) 0.9GHz, (b) 1.5GHz, (c) 2.4GHz, and (d) 2.6GHz.
results, by increasing the number of steps at the corners the gains
enhanced correspondingly, along the frequency band. Consequently at
the design stage of the proposed broadband MRMPA, gains of 2.6–
4.6 dBi are achieved at the desired direction (θ = 0
◦
and ϕ = 90
◦
) over
the BW.
Figure 15 shows the radiation efficiency simulated of the proposed
RMPAs at the all stages. By referring to the figure, it is observed
that the radiation efficiency of proposed broadband MRMPAs is more
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efficiency of the RMPAS.
than 93% across the whole BW that is highlighted and specified by
blue and green colour diagrams that are belonging to stages V and VI,
respectively.
6. CONCLUSION
A new method, “Stepped Cut at Four Corners”, for designing
a multi-mode/broadband MRMPAs, has been proposed in this
paper. In order to become familiar with the proposed method, the
process of designing a broadband MRMPA has been analyzed. The
proposed broadband MRMPA is suitable for multifunctional wireless
communication systems. The design process includes six stages,
starting from designing a single-mode RMPA with a resonant frequency
of 900MHz and developed to design a Dual-mode, Triple-mode, Multi-
mode and finally the expected broadband MRMPA for operating
frequency band from 900MHz to 2.6GHz. Complete measurements
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were carried out at each stage of the design, in order to validate
the simulation results with the measured ones. Each of the stages
discussed in details the methodology of creating the steps at the patch’s
corners to enhancing the impedance BW. The proposed broadband
MRMPA can be used for GSM (900MHz and 1.5GHz), WiFi (2.4GHz)
and LTE (2.6GHz) applications. The RMPAs have demonstrated
good performance in terms of return loss, radiation pattern, gain and
efficiency. The simulated gains were obtained as 2.6–4.7 dBi at the
desired direction. In addition, the radiation efficiency was more than
93% with a return loss below −10 dB over the BW. It is found that the
measurement and simulation results are in close agreement. It should
be noted that some reasons for using SCFC method are simplicity of
calculating the steps dimensions for expected resonance frequencies,
the capability to design all types of multi-mode/broadband MRMPAs
and ability to change the polarization of the antenna from linear to
circular.
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